Insects maximize their fitness by exhibiting predictable and adaptive seasonal patterns in response 9 to changing environmental conditions. These seasonal patterns are often expressed even when 10 insects are kept in captivity, suggesting they are functionally and evolutionary important.
Introduction 30
Insects maximize their fitness by exhibiting predictable and adaptive seasonal patterns in their 31 physiology. Examples of the two most extensively studied phenomena are seasonal migratory 32 movement and preparation for the winter-diapause. These phenomena allow an organism to triggers for the competition phase and the production of sexuals are not fully clear, it was suggested 89 that workers modify their reproduction in response to changes in the queen (Almond et al., 2019;  egg yolk protein female insects invest in the ovaries (Tufail et al., 2014) that is predicted to be 148 down-regulated during diapause and up-regulated in reproductives.
149

Materials and Methods
150
Bumble bee rearing 151 B. impatiens colonies (n=13, Table S1 includes information on development and size of colonies 152 used in this study, as well as the number of workers sampled from different colonies for each of 153 the different analyses describe below) were obtained from BioBest at the age of 2-3 weeks after 154 the eclosion of the first worker or reared in the laboratory from gynes produced in BioBest colonies 155 using a standard CO2 treatment protocol. Briefly, newly mated queens are placed in a closed (but 156 not sealed) plastic cage. A steady stream of pure CO2 is applied to the cage through a designated 157 hole for 1 minute. Under these conditions CO2 reaches 100% within approximately 20 seconds 158 (the time it takes bees to lose mobility) and remains this way for as long as the stream lasts. Queens 159 are then kept in the cage for additional 30 minutes until they revived (Amsalem and Grozinger, 160 2017). Two more colonies were reared from queens caught in the wild in spring of 2018 in Newport 161 and Landisville, Pennsylvania. All colonies were kept in constant darkness, 60% humidity and 28-162 30°C and manipulated under red light, that bees are unable to see. Bees were not allowed to leave 163 the colony and pollen and 60% sucrose solution were provided ad-libitum. Bumble bees produce 164 sexuals using a 'bang bang' strategy: an abrupt switch from the exclusive production of workers 165 to the exclusive production of sexuals (Duchateau and Velthuis, 1988) . Thus, in all experiments, 166 workers were collected from queenright colonies (i.e., queen is present) throughout the natural 167 development of the colonies until sexuals appeared. Workers eclosing early and late in the colony 168 cycle (measured from the eclosion of the first worker) were considered early-and late-season 169 workers, respectively. 170 Bumble bee sampling 171 Sampling of workers from the parental colonies began at approximately two weeks after the 172 eclosion of the first worker and continued until workers were no longer produced; colonies were 173 queenright for the entire sampling period. Colonies were terminated when only males or gynes 174 were exclusively produced for five consecutive days. Worker age was differentially controlled for 175 in the different experiments. Age was not controlled for in the experiments examining ovary size, 176 body mass and size, was partially documented in the cold tolerance experiment (in 2 out of 6 177 colonies) in order to verify our method of sampling (see below), was controlled for in egg laying 178 assays (all workers were 10 days old), lipid content experiment (workers were 2-11 days old), and 179 gene expression assays (all workers were 3 days old). In experiments where age was partially 180 controlled or not controlled for, sampling occurred at a high-rate ensuring a constant turnover of 181 individual workers in the colony and colony size of 20-30 workers at all times. To verify that our 182 sampling method maintained a constant turnover of workers in the colony, we individual marked 183 all workers (n=975) upon eclosion from a subset of the colonies used in our analyses and found 184 that 92% of workers were sampled within a week of eclosion. We collected information about 185 colony life span, the date of the production of first sexuals (males and gynes), the number of 186 workers each colony produced, and which colonies were used in each analysis (Table S1 ). Overall, 187 two colonies were used to examine worker body mass, size and ovary activation (n=472), four 188 colonies were used to examine egg-laying in same-age workers (n=422), four colonies were used 189 to examine fat body lipids (n=90), and six colonies were used to examine cold tolerance (n=2,417), 190 and fat body gene expression (n=17).
191
Ovary activation, body mass and size 192
To examine the reproductive potential of workers across the colony's development (Table 1) , 193 groups of eight randomly sampled workers were removed from their parental queenright colonies 194 every 2-4 days throughout the colony's natural life cycle (weeks 3-13) and kept at -20° C until 195 analysis. Age was not controlled for; however, sampling was done at a high-rate (the 2 colonies 196 were sampled 59 times, 8 workers at a time, during a period of 10 weeks) ensuring a constant 197 turnover of individual workers in the colony and a colony size of 20-30 workers at any time point.
198
The length of the terminal oocyte in the three largest ovarioles was measured with a scaled ocular. The same workers were measured for their wet body mass using an electronic scale and for their 202 body size by measuring the width of the head as in Amsalem and Hefetz (2010) .
203
Egg laying 204
To examine the physiological aptitude of queen-less workers (i.e. queen is absent) to lay eggs, we 205 counted the number of eggs laid by same-age (10-day old) workers sampled from four colonies 206 throughout the entire life cycle (weeks 2-10). Two newly-eclosed workers of similar size were 207 removed from their parental colony and placed into a cage (11 cm diameter x 7 cm tall) where they 208 were provided ad libitum pollen and 60% sucrose syrup. Cages were inspected for the total number 209 of eggs laid by workers at the end of the 10-day period. Post analysis, the data were divided to 210 three time points (earlier than week 5, weeks 6-8 and week 9 or later), based on the division 211 observed in the ovary experiment where these groups clustered together. These timepoint also 212 matched the life cycle phases of B. impatiens (pre competition, post competition, and sexual 213 production).
214
Cold tolerance 215 To examine cold tolerance of workers across the colony's development, we used a modified 216 protocol from Karsai and Hunt (2002) . Groups of 10 workers were randomly sampled from their 217 parental colony throughout the entire colony cycle (weeks 3-13). In two colonies all workers were 218 individually marked daily upon eclosion and put back into the colony, making up a total of 40% 219 of all workers analyzed for cold tolerance. Workers that had their age documented were 2-21 days 220 old at the time of sampling and 92% of them were sampled within 7 days of eclosion. Workers 221 were placed in a 28 x 22 x 5 cm cardboard box and into a refrigerator mimicking diapause-like 222 conditions (70% humidity, total darkness, and 4°C). Sampling frequency varied depending on 223 colony growth, but a minimum of 10 workers were sampled from every colony for every week of 224 the experiment. To assess survival of workers, boxes were removed from the fridge every 48 hours 225 and were exposed to ambient light and temperature for ten minutes. Workers were lightly prodded 226 with forceps to verify whether they were alive and any that showed no sign of movement in 10 227 minutes were considered dead and stored at -20° C until further analyses. Live workers were placed 228 back into the fridge. In order to identify potential confounding factors leading to mortality in cold, 229 other than the colony age, we examined the correlation between survival length and worker age, 230 body mass and oocyte size in a subset of the dead workers (Table S2 ).
231
Lipid analyses 232
To examine worker fat body lipid content, we compared lipid amounts in early-season (weeks 3-233 5) and late-season (weeks 8-11) workers, taken from four colonies. Workers were individually 234 marked upon eclosion and worker age upon sampling was recorded (2-11 days). To control for 235 size variation, worker body and eviscerated abdomen mass were measured prior to dissections.
236
Lipid analysis was done as in Amsalem (2015a) and Amsalem and Grozinger (2017) . Briefly, the 237 abdomen was separated from the thorax and eviscerated of all content except the fat body (i.e., the 238 ovaries, gut and sting complex were removed), and placed in 2% sodium sulphate. Two hundred 239 microliters of the fat body homogenate were added to glass vials containing 2.8 mL Expression of genes was compared in 3-day old workers sampled from early season colonies 250 during weeks 2-4 (8 workers taken from 3 colonies) and from late-season colonies during weeks 251 8-10 (9 workers taken from 3 colonies; Table S1 ). Expression levels of foxo, hsp70, hex1, menin, 252 vg, mfe, and pepck were examined in the workers' fat body. Target genes were selected based on 253 their biological relevance to cold tolerance, lipid metabolism, stress and reproduction (Amsalem Table S3 . Primers were 257 designed to target the most conserved region between sequences. Wilcoxon ranked test, depending on the distribution of the data.
291
Results
292
The effect of colony age on worker oocyte size and egg laying 293 Worker oocyte size ( Figure 1 for these experiment (colonies were terminated at the age of 9-10 weeks, thus week 9 was 312 considered late season week 12, and a slight decrease in the last week (week 13). Colonies typically start showing signs 345 of collapse after weeks 9-10 (see also 
356
The effect of colony age on worker gene expression 357 Expression levels of selected genes were examined in 3-day old workers ( Figure 6 ). We chose 3- effect in this study for most of the genes is not out of norm. No significant differences were found 372 in the expression levels of vg (χ 2 1=1.12, p=0.29) or foxo (χ 2 1=2.08, p=0.15).
Discussion
374
Our study demonstrates that bumble bee workers exhibit physiological and gene expression pattern These results are also summarized in Table 1 . The main question to be answered is why 383 maintaining and expressing these signatures is adaptive for bumble bee workers. Although not 384 mutually exclusive, below we discuss four possible explanations for this phenomenon. Ground Plan Hypothesis (DGPH) (Hunt, 2006) .
410
The DGPH proposes that caste differences are driven by nutritionally-sensitive ancestral genetic late-eclosing workers in our study were larger and heavier (Fig. 4) , and also had higher amounts 446 of lipids in their fat body (Fig. 5) , both of which are characteristic of the diapause phenotype. They 447 also showed higher cold tolerance ( Fig. 3 ) and lower reproductive potential ( Fig. 1-2) . 448 Furthermore, genes that are predicted to be altered in preparation to diapause were differentially 449 regulated in early vs. late-eclosing workers, in line with the DGPH (Fig. 6) . showing that the shift in worker ovarian activation occurred despite the controlled colony size.
481
A previous study conducted in B. terrestris showed a pattern of workers ovary activation 482 throughout colony development similar to the one we found (Fig. 1) , with lower ovary activation 483 in workers in both very early and very late in the colony cycle (Bloch and Hefetz, 1999) . The Lastly, in all experiments we provided the bees with unlimited food of the same quality, 489 eliminating the possibility that fluctuations in resource abundance or quality can explain the 490 differences we observed. All colonies and individuals were kept in darkness, 60% humidity and 491 28-30° C, and overall, despite the control of worker demography, external conditions and queen 492 presence we still found clear differences in the physiology of early-and late-eclosing workers.
493
However, our data are correlative in nature as they were collected from normally developing 494 colonies. Thus, we cannot preclude the potential effect of other internal factors (e.g., brood 495 number, brood composition, queen age, etc.) that were not controlled for. (Bourke, 1994) .
512
Therefore, it is beneficial for workers to be physiologically prepared to lay eggs in the event that 513 the queen dies prematurely. temperatures. Furthermore, even in the case that eggs are fully developed to adults, the eclosion of 517 males that were laid too late in the season is unlikely to synchronize with the eclosion of gynes 518 resulting in inability to find a mate. Therefore, while investing in reproduction early in the season 519 is beneficial, investing in reproduction late in the season is likely to be futile.
520
In accordance with this explanation, we found that workers exhibit a higher reproductive capacity However, not all genes followed the expected trend. Vg, for example, is a yolk-precursor protein 527 whose expression is expected to increase in reproductives (thus, in early-eclosing workers).
528
However, no significant differences were found in vg as the colonies age. The lack of differences 529 in vg could be due to the association of vg with aggressive behavior in bumble bees rather than should be noted that honey bee (A. mellifera) queens in smaller colonies or experiencing periods 571 of nutritional stress were shown to produce larger eggs, likely as a way to increase the chance of 572 their survival (Amiri et al., 2020). Although we did not control for the age of queen, our control 573 of the environmental conditions and worker demography likely reduced the probability that the 574 queen was simply responding to the colony environment but cannot preclude the possibility that 575 the physiological shift in workers is due to increased queen age.
576
Conclusions
577
Bumble bee workers were demonstrated to express a physiological signature corresponding to the 578 age of the colony with a shift towards a diapause-like profile in late-eclosing workers. These 579 findings may indicate that worker physiology is innate, but whether the signature is innate to 580 workers, the colony or the queen warrants further study. 
